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However, the wide-scale commercialization of proton conducting membrane fuel cells is impeded by several factors including sluggish oxygen reduction kinetics at the air-breathing cathode, high cost of the noble metal platinum catalyst, complex water management, and fuel crossover from the anode to the cathode through the PEM. Recently, anion exchange membrane (AEM) fuel cells have attracted attention. [2] [3] [4] [5] [6] [7] [8] [9] [10] The high pH environment of the AEM fuel cell mitigates many of the shortfalls encountered with PEM fuel cells including facile oxygen reduction kinetics, potential use of non-precious metal catalysts, and lower fuel crossover because of the opposite direction of the ion within the membrane. 11, 12 However, the performance of AEM fuel cells is not as good as PEM fuel cells partly due to limitations of current AEM materials, including low ionic conductivity, high water uptake and poor stability of the membrane at high pH. 13, 14 Fuel cells and electrolyzers electrodes can be fabricated by spraying a slurry of catalyst and ion conducting polymer (i.e. ionomer) onto a gas diffusion layer. The electrode is then bonded to the ion conducting membrane to form a membrane electrode assembly. Because ionomers and membranes serve different functions in the cell, the materials used for these functions should be different and optimized for each purpose. 15 For example, the membrane should have low oxygen permeability and high mechanical strength while the ionomer for the air-cathode should have high oxygen permeability. Free-standing mechanical strength is not an issue for the ionomer. Some properties, such as ion conductivity and chemical stability, are common to both.
In previous AEM ionomers studies, the anion conducting ionomer was used in conjunction with an anion exchange membrane, which made deconvolution of ionomer from membrane performance difficult. For this study, a bipolar (or hybrid) cell configuration is used for the fuel cell testing, Figure 1a , in an attempt to combine the established PEM architecture with the advantages potentially offered by AEMs. In a bipolar configuration, the fuel cell has one electrode operated at low pH while the other operates at high pH. The bipolar device offers advantages compared to fully acidic or alkaline fuel cells. 16 It allows for the study and evaluation of AEM ionomers separately from anion exchange membranes, which has resulted in a few materials being developed explicitly as ionomers rather than membranes.
In this paper, a set of ionomers were synthesized per Liu et al. 17 and were tested for their viability as anion conducting ionomers in * Electrochemical Society Student Member. * * Electrochemical Society Fellow. z E-mail: kohl@gatech.edu the cathodic electrode of the cathode hybrid fuel cell depicted in Figure 1a and as the anodic electrode of an alkaline electrolyzer in Figure 1b . In this manner, the selected materials will be evaluated in both oxygen-consuming (i.e. oxygen reduction reaction (ORR)) and oxygen-producing electrodes (i.e. oxygen evolution reaction (OER)). The selection of AEM ionomers is shown in Table I . The AEM ionomers in Table I fall into two categories: homoand co-polymers. The homopolymer (Figure 2a ) is a fluorinated poly(arylene ether), while the copolymer adds an additional fluorinated poly(aryl ether) as a spacer to induce phase segregation (Figure 2b ). Variations of each of class of materials will be tested in-situ in both fuel cell and electrolysis devices. The homopolymers vary in molecular weight from 3 kDa -33 kDa, and select samples also contain either 1 or 2 ionic groups per monomer in order to vary the IEC for similar samples. The sample names denote the molecular weight of each sample (i.e. 3 k), the number of tethers per monomer unit (1T or 2T), and whether it is a copolymer (indicated by B).
Experimental
Fuel cell fabrication.-The membranes used in this study were Nafion 117, which was pre-treated by sequential boiling steps in 3% H 2 O 2 , H 2 O, 1 M H 2 SO 4 , and again in H 2 O. Each boil lasted approximately 1 h. All membranes were stored in distilled water until MEA fabrication. A 5% Nafion dispersion in alcohol was used as the anodic PEM ionomer, while the cathodic AEM ionomer was varied among the choices in Table I and Tokuyama AS-4. All other chemicals were used as received.
The PEM anode and AEM cathode were both fabricated via slurry method. The PEM anode slurry consisted of Pt/Ru alloy catalyst (75% metal weight), Nafion dispersion (15% by weight with respect to the catalyst), and a mixture of water/isopropanol. The slurry was sprayed onto hydrophilic Toray 2050 L carbon paper and dried at room temperature. The target metal loading was 4 mg/cm 2 for this low pH electrode. The AEM cathode slurry contained a Pt/C catalyst (40% metal weight), anion exchange ionomer (10% weight with respect to catalyst), and dimethylformamide (DMF). The slurry was sprayed onto hydrophobic Toray TGPH-090 carbon paper and dried at room temperature. The target metal loading for the high pH electrodes was 2 mg/cm 2 . After drying, the electrodes were soaked in 0.1 M NaOH overnight to exchange completely to OH -form. Finally, the electrodes were rinsed in distilled water to remove any excess OH -ions from the surface. The membrane electrode assembly (MEA) was prepared by spraying 50 μL of a 1:2 Nafion:IPA solution onto each electrode surface prior to assembly. Each electrode was then placed directly onto the prepared Nafion 117 film. The entire MEA was hot-pressed for 10 minutes at 2 MPa and 60
• C. The MEA was placed into a BioLogic Fuel Cell Test Station FCT 150S. Fully humidified oxygen and hydrogen were fed at 55
• C to the cathode and anode at 25 and 10 sccm respectively, while the fuel cell itself was maintained at 55
• C. Electrochemical measurements were obtained using a Princeton PAR 2273 potentiostat/galvanostat. The device testing protocol consisted of 5 h chronoamperometry at 250 mV, followed by forward and reverse linear sweep voltammetry and electrochemical impedance spectroscopy taken at 300 and 600 mV. This cycle was repeated 4 times for 20 h total run time.
Electrolyzer fabrication.-The membrane used in this study was Tokuyama A201 for all devices. A commercially available AEM ionomer, Tokuyama AS-4, was used as a reference for comparison to the various synthesized anode ionomers. Prefabricated cathode HER electrodes with a proprietary design were provided by Proton OnSite and were used as received. These prefabricated electrodes also used Tokuyama AS-4 as the anion exchange ionomer.
The AEM electrolyzer anode was fabricated via a slurry method. The anode slurry consisted of an iridium oxide catalyst, ionomer, and dimethylformamide. The slurry was sprayed onto a platinized titanium gas diffusion layer (GDL) and dried at room temperature. The target metal loading was 4 mg/cm
2 . An additional layer of ionomer (20% mass of slurry) was sprayed on top of the catalyst layer of the anode.
The MEA was prepared by soaking electrodes and membrane in 0.5 M NaOH for approximately 2 h prior to testing to exchange the materials completely to OH -form. Each electrode was stacked vertically in a heated cell block with cathode on bottom, followed by membrane, and finally anode. Deionized water was fed to the anode side of the cell to reduce water content in the product hydrogen. Electrochemical measurements were obtained using a Princeton PAR 2273 potentiostat/galvanostat. The device testing protocol consisted of a 24 h chronopotentionmetry at 200 mA/cm 2 , followed by a forward linear sweep voltammetry and electrochemical impedance spectroscopy taken at 1.8 V. This cycle was repeated until either the cell voltage reached a 3 V cutoff threshold or some other technical failure which shortened the duration of the experiment. Typical runtime for each cell was approximately 100 h.
Results and Discussion
Fuel cell testing.-The polarization curves after 20 h operation are shown in Figure 3 for the samples achieving the highest overall power densities, 3k1T and 4k2T. These results support the hypothesis that lower molecular weight ionomers exhibit superior performance to higher molecular weight samples, as shown in an earlier study. 18 However, the performance does not solely correlate with ionomer molecular weight. Table II shows the peak power density (PPD) obtained from voltammetry for each ionomer sample tested. For the oligomeric samples consisting of only the hydrophilic material, it is clear that increasing molecular weight results in decreased power output. The block copolymer sample breaks that trend, far outperforming the oligomer sample of similar molecular weight (19k2T), and in fact exhibiting power output much closer to the lower molecular weight ionomers tested.
To probe this result further, electrochemical impedance spectroscopy (EIS) data was collected for each device at 300 mV. The data was analyzed using a model consisting of two parallel resistancecapacitance circuit elements, one representing the anode and one rep- resenting the cathode, and a series resistance representing all other ohmic losses ( Figure 4) . The low-and high-frequency loops are attributed to the cathode and anode respectively. 19 This equivalent circuit has shown to be a good starting point for analysis of these types of devices. 20 The high-frequency intercept is the smallest total resistance collected and is taken to be the sum of the membrane ionic resistance, contact resistance with any electrical hardware, and interfacial resistance between the electrodes and the membrane (i.e. resistive part of the two parallel RC elements). Because the same membrane and hardware was used for all devices, any detectable differences in the high-frequency intercept can be attributed to the varying interfacial quality between the electrodes and the membrane. Table III shows the high-frequency resistance at each testing interval for the samples. For the samples which have identical molecular weights but varying number of ionic head groups, the 1 tether samples showed significantly lower interfacial resistance, approximately 0.4 less than their 2 tether counterparts. This may be due to the critical role the ionic density plays in the interfacing of membranes and electrodes. In addition to measuring the interfacial resistance, EIS can also be used to determine the resistance within the electrode layers (i.e. ohmic resistance in each of the two RC parallel networks), typically denoted as charge transfer resistance. These data are tabulated in Table IV representing the combined anode and cathode charge resistances. After 20 h, the samples with smallest charge transfer resistance are those which had the highest power output. However, the block copolymer sample with 2 tethers showed consistently lower charge transfer resistance than its 1 tether counterpart, while the 3 k oligomer samples showed very similar values to each other.
The summation of the resistances in Tables III and IV provides a clear trend -the power output of each device increased as the total resistance decreased. The composition of the resistances may provide a blueprint to further anion conducting ionomer materials. The block copolymer sample with a single head group tether provided the lowest interfacial resistance, while lower molecular weight samples exhibited lower charge transfer resistance. For future optimization of these materials, controlled morphologies of low molecular weight polymers should provide an improvement in overall device performance.
Electrolyzer testing.-Results of an initial 12 h aging survey of all ionomers are shown in Figure 5 . Long-term chronopotentiometry data is provided in Figure 6 for the three best performing ionomers, 3k2T, 4k2T and B20k2T. Tokuyama AS-4 data is also provided as a reference for a commonly used AEM ionomer material. 21, 22 Lower cell potential during chronopotentionmetry is indicative of a more efficient water electrolysis process (smaller overpotentials) and therefore a better performing ionomer. Among the hydrophilic oligomeric materials, lower molecular weight materials were found to have superior performance than higher molecular weight samples. Table V shows cell potentials of all ionomer samples at 200 mA/cm 2 after 12 h of constant current aging. It was found that the 2-tether versions (i.e. 2T) of these ionomers were also better performing than their 1-tether counterparts. Both of these results are consistent with what was found in fuel cell configuration.
Several factors influenced which ionomer samples were down selected for extended aging. The 1-tether samples were immediately omitted from extended testing due to their inferior performance compared to the 2-tether versions during the initial performance evaluation as shown in Figure 5 . The high molecular weight ionomer samples were also found to be unsuitable for long term testing largely due to mechanical issues with adhering the iridium oxide catalyst and the titanium GDL.
When performing the extended aging experiments, it was found that many of the tests needed to be terminated prematurely due to the mechanical durability of the Tokuyama A201 membrane. This membrane typically formed small pin holes across the entire active area within 40-100 h of aging which would cause short circuiting in the MEA. Therefore, the observed performance degradation of the ionomer cannot easily be deconvoluted from the effects of the short circuiting. This is most relevant to the block copolymer sample which was not aged to the same extent as the other ionomer samples for this reason. Nevertheless, this material outperformed all of the other ionomers, including the commercial ionomer AS-4. It should be noted that it is unlikely that degradation of the ionomer is the cause of these abbreviated experiments. These materials have all been demonstrated to be stable at this time scale in alkaline conditions in a previous study. 17 Electrochemical impedance spectroscopy (EIS) data was collected for the top performing cells approximately every 24 h throughout the duration of each experiment. As in the fuel cell experiments above, the same membrane and hardware was used for all devices, therefore any detectable differences in the high-frequency intercept can be attributed to the varying interfacial quality between the electrodes and the membrane. Table VI shows the high-frequency resistance for the first 48 h of testing for the high performing samples. There was little discernable difference among interfacial resistances of the best performing cells through the first 48 h of experimentation, prompting us to investigate the resistance within the electrode layers. This is typically referred to as the charge transfer resistance and can be extracted from the EIS data using an appropriate model. For a system with two different time constants, a first approximation can attribute each to an electrode process: the hydrogen evolution reaction (HER) at the cathode and the oxygen evolution reaction (OER) at the anode. 23 The experimental impedance measured in this study have been modeled using a resistor and two constant phase elements (CPE) connected in series to approximate the interfacial resistances and each electrode charge transfer resistance, respectively (Figure 4 ). The difficulty with this approach is that for a non-ideally polarized electrode with irreversible uniform charge transfer, the CPE is coupled not only to the solution resistance but also the charge-transfer resistance (or more generally to the faradaic impedance), if it is caused by heterogeneity of the electrode surface. 24 For these reasons, our model was not able to definitively assign resistance contributions to each electrode process. Still, the low-frequency intercept of the EIS data, should provide some insight as it is determined by the collective contributions of the charge transfer resistances as well as the interfacial resistances. To our knowledge, this level of EIS analysis has not been widely reported on AEM electrolysis cells. However, our results in Table VII clearly show that the cells with the lowest charge transfer resistance are unsurprisingly also the cells that performed the best through 48 h of testing. Table VIII shows the difference of the low-frequency and high-frequency value, which would normally be a measure of the charge transfer resistance assuming ideal behavior.
Comparing the low-frequency resistances of the two best performing materials, the commercial ionomer Tokuyama AS-4 had the lowest measured charge transfer resistance yet it still did not perform as well as the block copolymer ionomer. We believe that the introduction of a hydrophobic block promotes systematic phase segregation, 17 which allows the hydrophilic block to create more efficient ion conduction and gas diffusion channels. From this it can be inferred that the electrolyte wetting of the 3-dimensional interfacial area in the gas diffusion electrode is increased, thereby reducing mass transfer resistances and improving the overall cell performance. For future optimization of these materials, an investigation of the specific morphologies of block copolymers should drive improvement in device performance.
Conclusions
In this work, a new set of anionic conductive ionomers was tested for its viability in both oxygen consuming (fuel cell) and oxygen producing (electrolysis) electrodes. The two sets of results show similar trends -for a homopolymer, lower molecular weight materials provide superior performance compared to their higher molecular weight counterparts. Additionally, the introduction of phase segregation via block copolymer further increased performance in both types of devices. Future work on optimizing anionic ionomer materials in oxygen-based electrodes should be focused on reducing the molecular weight of phase segregated materials in order to optimize ionomeric performance.
